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Abstract

This study presents a Lagrangian view of upper water exchanges across the Luzon Strait based on the finite-time
Lyapunov exponents (FTLE) fields computed from the surface geostrophic current. The Lagrangian coherent
structures (LCSs) extracted from the FTLE fields well identify the typical flow patterns and eddy activities around
the Luzon Strait. In addition, they reveal the intricate transport paths and fluid domains, which are validated by
the tracks of satellite-tracked surface drifters and cannot be visually recognized in the velocity maps. The FTLE
fields indicate that there are mainly four types of transport patterns near the Luzon Strait; among them, the
Kuroshio northward-flowing “leaping” pattern and the clockwise rotating “looping” pattern occur more
frequently than the “leaking” pattern of the direct Kuroshio branch into the SCS and the “outflowing” pattern from
the SCS to the Pacific. The eddy shedding events of the Kuroshio at the Luzon Strait are further analyzed, and the
importance of considering LCSs in estimating transport by eddies is highlighted. The anticyclonic eddy (ACE)
shedding cases reveal that ACEs mainly originate from the looping paths of Kuroshio and thus could effectively
trap the Kuroshio water before eddy detachments. LCSs provide useful information to predict the positions of the
upstream waters that finally enter the ACEs. In contrast, LCS snapshots indicate that during the formation of
cyclonic eddies (CEs), most CEs are not connected with the pathways of Kuroshio water. Hence, the contribution

of CEs to the surface water exchanges from the Pacific into the SCS is tiny.
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1 Introduction

The Kuroshio is the poleward western boundary current of
the North Pacific subtropical gyre. It mainly originates from the
westward flowing North Equatorial Current, which bifurcates at
the eastern coast of the Philippine Archipelago. The Kuroshio
then flows northeastward, passing by the Luzon Strait, Taiwan
Island, and Ryukyu Islands.

The South China Sea (SCS), which is the largest semien-
closed marginal sea in the northwestern Pacific, is characterized
by East Asian monsoon climate and a complex geometry (Fig. 1).
A number of straits connect the SCS with the adjacent waters.
Among these straits, the Luzon Strait is the only deep (>2 200 m)
passage, and it is also the major oceanic pathway between the
SCS and the Pacific Ocean. Over several decades, it has been ob-
served that when the Kuroshio passes by the Luzon Strait, a por-
tion of the warm and salty Pacific water enters the SCS (Shaw,
1991; Qu et al., 2000; Zhu et al., 2019). In the sense of annual
mean, the inflow through the Luzon Strait partially flows out of
the SCS through the Karimata and Mindoro Straits, forming the
so-called SCS throughflow that is important for the heat and salt
budgets of the SCS basin (Qu et al., 2005, 2006; Wang et al., 2006;

Fang et al., 2009; Gordon et al., 2012; Wei et al., 2019).

With regard to the upper layer, both the historical hydro-
graphic data and the surface drifter trajectories indicate notable
seasonality of surface water exchange through the Luzon Strait
(Shaw, 1991; Centurioni et al., 2004). The surface Kuroshio intru-
sion into the SCS is the largest in winter, followed by that in
spring and in autumn; however, there is still no consensus on
whether the water exchange in summer flows westward into the
SCS or eastward into the northwestern Pacific Ocean (Shaw,
1991; Chu and Li, 2000). High-resolution satellite images reveal
that the surface Kuroshio path in the Luzon Strait shows signific-
ant transient features and appears to be closely related to the
nearby eddy activities (Yuan et al., 2006; Nan et al., 2011; Qiu et
al.,, 2019; Zheng et al., 2019). Further, the unstable nature of the
Kuroshio intrusion has been verified by model simulations (Met-
zger and Hurlbert, 2001; Xue et al., 2004), and the intruding path
can be roughly divided into three types: the looping path, leap-
ing path, and leaking path (Nan et al., 2011, 2015). Because of the
complexity of the dynamic environment and the nondeterminist-
ic nature of flow pattern around the Luzon Strait, the variability
of flow trajectories and the relevant dynamics are still not well
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Fig. 1. Topography around the northern South China Sea. The blue, black, and red boxes in the inset are the northern and central
areas of the SCS and the northwest Pacific regions, respectively, considered for calculating the regional averages shown in Fig. 10.
TWS and LZS denote the Taiwan Strait and the Luzon Strait, respectively.

understood.

Rich eddies have also been observed near the Luzon Strait by
both hydrographic observations and satellite altimeter data (e.g.,
Li et al., 1998; Wang et al., 2003; Wang et al., 2019). Anticyclonic
eddy (ACE) sheddings from the Kuroshio Current loop (KCL) are
considered to be one of the most important processes of eddy
formation in the northern SCS (Jia and Chassignet, 2011; Zhang
etal., 2017). The detached ACEs could effectively trap warm and
salty Pacific water and transport it westward into the interior SCS
(Zhang et al., 2017). The spatiotemporal evolutions of mesoscale
eddies in the SCS have been described by different kinds of eddy
detection algorithms, most of which are based on the Eulerian
point of view (e.g., Lian et al., 2019). Unlike the widely used Eu-
lerian-based approaches, Li et al. (2011) proposed a distinctive
eddy identification method in a Lagrangian framework, which
captured both the mesoscale and submesoscale eddies in the
SCS from the surface drifter trajectories. The advantages of La-
grangian approaches have also been extended to the estimation
of diffusivities and their related time and length scales in the SCS
(Qian et al., 2013).

Although the traditional particle tracking analysis does yield
the full trajectory histories of individual fluid parcels, the trajec-
tories are often sensitive to small changes in the time and loca-
tion of release (Haller, 2015). Thus the convoluted “spaghetti
plots” of trajectories are sometimes difficult to interpret. In re-
cent years, the concept of Lagrangian coherent structures (LCSs)
provide an alternative way in the Lagrangian sense to better un-
derstand why fluid elements evolve the way they do (Haller and
Yuan, 2000; Wiggins, 2005; Branicki and Wiggins, 2009). Ideally,
LCSs can be regarded as material lines, with the locally strongest

repelling or attracting natures. Thus, they delineate the boun-
daries between fluid domains with quite distinct advection char-
acteristics, which cannot be revealed by a visual inspection of ve-
locity field snapshots. In addition, the dynamical “skeletons” of
flows unfolded by LCSs can keep unchanged for any choice of
reference frame. This is different from traditional Eulerian de-
scriptions, such as streamlines, vorticity or other frame-depend-
ent quantities, which do not remain invariant under different re-
ference frames (Peacock and Haller, 2013). At present, LCSs are
widely applied in ocean sciences for purposes such as predicting
the movement of oil spill (Lehahn et al., 2007; Peacock and
Haller, 2013), clarifying the horizontal advection of river runoff
near the estuaries (Huhn et al., 2012; Wei et al., 2018), and esti-
mating the intensity of ocean mixing (D’Ovidio et al., 2004).
Huang et al. (2015) illustrated the LCSs near the Luzon Strait and
depicted two dominant patterns: Southeast-northwest orient-
ated LCSs in winter and southwest-northeast LCSs in summer.
But this work did not discuss the transport structures in spring
and autumn seasons. Moreover, as a typical pattern in the Luzon
Strait, the KCL and the relevant eddy sheddings have not been in-
vestigated in this work as well.

In order to have a more complete understanding of the sur-
face water exchanges through the Luzon Strait, this study utilizes
the data of satellite-tracked surface drifters and the LCSs
obtained from the integrated velocity fields to characterize the
regional variability of transport pathways and barriers on
intraseasonal, seasonal and interannual timescales. The rest of
this paper is organized as follows: Section 2 briefly describes the
data and methods used in this work. The concept of LCSs is the
key point described in this section. Section 3 presents different
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types of typical flow patterns around the Luzon Strait as inferred
from the LCSs. Here, greater attention has been paid to the
events of eddy shedding from the Kuroshio into the SCS and the
entrainment of Kuroshio water during eddy formation. Section 4
provides the discussion and summary.

2 Data and methods

2.1 Data

The surface geostrophic velocities adopted in this study are
provided by the Copernicus Marine and Environment Monitor-
ing Service (CEMES) based on satellite and in situ observations.
The geostrophic currents are computed for latitudes beyond +5°
from the absolute dynamic topography fields, which are ob-
tained by adding the sea level anomalies observed by all availa-
ble satellite altimeter missions to a mean dynamic topography
(Pujol et al., 2016). In this study, we used the geostrophic current
data with a 0.25°x0.25° spatial grid and 1-d time interval during
the period 1993-2017. The altimeter observations over the shal-
low shelf could be contaminated by aliasing errors due to high-
frequent tide and atmospheric forcing. Therefore, this study
mainly focuses on the areas deeper than 200 m where the sea
level data reach centimetric accuracy, although the results near
coastal regions are also plotted.

The LCSs computations were validated using the satellite-
tracked drifter data obtained from the NOAA/AOML Drifter Data
Assembly Center. This study only uses the results from drifters
with drogues centered at 15-m depth. Compared with the trajec-
tories of undrogued drifters, the results from drogued drifters are
less affected by the wind-generated slip and thus better reflect
the near-surface ocean current (Lumpkin and Johnson, 2013).
The positions of each drifter were interpolated in 6-h intervals
and could well reflect the trajectories of near-surface water
particles. The period selected for drifter data was from 2000 to
2017.

In situ temperature and salinity profiles sampled by conduc-
tivity-temperature-depth (CTD) profilers during two cruises in
January 2010 and May 2017 were also used to describe the water
mass characteristics within different eddies. The oceanographic
survey on January 16-31, 2010 was carried out by the South
China Sea Engineering Survey Center in the continental shelf and
slope waters in the northern SCS. It captured the center of a
strong ACE at about 20.75°N, 118°E (Liu et al., 2013). Another
cruise mission was conducted in the northeastern SCS during the
period May 23-25, 2017, and obtained CTD measurements at 15
stations (Huang et al., 2019). The cruise transect crossed the
northern part of a well-developed cyclonic eddy (CE), where
three CTD profiles were sampled at 21°N, 118.5°-119°E. More de-
tails about these two hydrographic surveys are presented in the
reports of Liu et al. (2013) and Huang et al. (2019).

2.2 Methods

In this study, we utilized the finite-time Lyapunov exponent
(FTLE) to locate LCSs. The FTLE is the finite-time average of the
maximum expansion or contraction rate for neighboring passive
fluid particles. The method of extracting LCSs from FTLE fields
has been widely used in previous studies (e.g., Shadden et al.,
2005; Beron-Vera et al., 2008). Physically, the FTLE is a scalar
measure of the finite-time separation rate of neighboring fluid
particles.

The mathematical expression for FTLE is as follows:

1
Utjy;(x()) = m In ” axox(to + T7 t07x0)H ) (1)

where || || denotes the matrix norm, and x (£,+T; £,, X,) represents
at the time =f,+T the position of a fluid parcel, which is at x, at
the initial time ¢=¢,. As a scalar field in space, the FTLE is ob-
tained by time integration of the velocity fields. The ridges identi-
fied by forward-integrated (#>0) and backward-integrated (<0)
FTLE fields are called repelling and attracting LCSs, respectively.
Therefore, partition a fluid domain into some coherent subsets
with different advective dynamics. Compared with the typical
oceanic diagnostics based on the Eulerian view, the Lagrangian
method can provide more detailed information of ocean charac-
teristics, even on some scales smaller than the spatial resolution
of velocity fields. Moreover, the FTLE fields are computed based
on time-dependent flow fields. Hence, they are not as sensitive to
individual abnormal data in some flow fields as the Eulerian vari-
ables and thus are more robust (Haller, 2001; Shadden et al.,
2005).

In this work, the FTLE fields were produced by advecting arti-
ficial tracers for a finite timescale in the space with a resolution
10 times finer than the velocity grid, which can reveal great detail
of LCSs. The tracer trajectories were determined using a fourth-
order Runge-Kutta method and a linear interpolation of the sur-
face velocities to tracer positions in time and space. The total
length of time integral was 35 d, and the time step was set to 0.5 d.
It is found that the FTLE results are insensitive to the both spatial
and temporal resolutions of velocity fields and the interpolation
methods (Harrison and Glatzmaier, 2010). The length of time in-
tegral is a key parameter for deriving meaningful FTLE fields. A
much shorter timescale may hinder the tracers to depict the
whole LCS structure, while the tracers integrated for a much
longer timescale could map some different parts of the flow. The
choice of 35 d for time integral was the same as Andrade-Canto et
al. (2013), which investigated the Loop Current eddy separations
in the Gulf of Mexico and was similar to the present study in
terms of spatial scales and dynamic processes. Sensitivity tests
further showed that the patterns of FTLE did not alter notably
when the integration time changed from 30 d to 40 d (figures not
shown). In the adopted FTLE algorithm, tracers stopped integrat-
ing when they reached the boundary. In this case, there may ex-
ist some errors near the boundaries. Therefore, we selected a re-
latively large calculation domain (5°-30°N, 105°-130°E) to keep
the key region of interest far away from the boundaries. Given
our focus on identifying the transport pathways, the FTLE fields
discussed below refer to the results of time backward integration,
unless otherwise specified.

3 Results

3.1 Validation of LCSs based on the satellite-tracked surface

drifters

Figure 2 shows the time backward FTLE fields from October
11 to 19, 2003, and the instantaneous positions of 11 satellite-
tracked drogue drifters on the same dates. The regions with in-
tense red tones indicate the LCSs defined by the ridges with the
maximum FTLE values. The movements of drifters generally fol-
lowed the identified ridges in the FTLE fields. Specifi-
cally, 10 of 11 drifters marched clockwise along the circular lines
of ridges indicative of the existence and trapping effect of an ACE
to the east of the Kuroshio. The only exception was the southern-
most drifter on October 11; it moved westward until October 15
along another channel composed of FTLE ridges outside the
eddy and finally joined the northward-flowing Kuroshio main-
stream. The good correspondence between the movement of
drifters and the FTLE fields validates the ability of LCSs to reflect
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Fig. 2. Snapshots of the finite-time Lyapunov exponents (FTLE) fields from October 11 to 19, 2003. Overlaid on each FTLE field is the

instantaneous positions of 11 satellite-tracked drifters.

the transport trajectories and barriers in the study area.

3.2 Statistical characteristics of four major LCS types

According to the tracks of drogue drifters from 2000 to 2017,
the flow exchanges through the Luzon Strait can be mainly classi-
fied into four categories. The first type shows the northwestward
flowing “leaking” pattern of Kuroshio, in which most of drifters
directly intrude into the SCS and flow southwestward following
the SCS western boundary current (Fig. 3e). The FTLE field on
March 8, 2003, represents a typical Kuroshio leaking pattern with
the LCSs extending northwestward from east of Luzon Island into
the SCS (Fig. 3a). Interestingly, in contrast to the continuous
FTLE ridges along the Kuroshio mainstream east of Luzon Strait
and Taiwan Island, the Kuroshio branches into the SCS often
show more complex discontinuous patterns that probably arise
from the local enhanced instabilities and mixing (e.g., Zhuang et
al., 2010; Wang et al., 2017). The second type is the northward
“leaping” pattern of Kuroshio. This pattern is characterized by
northward moving drifters leaping across the Luzon Strait (Fig. 3f).
A corresponding FTLE field on March 31, 2003 (Fig. 3b) exhibits
LCSs along the Kuroshio path spreading northward more
remarkably than those shown in Fig. 3a. Occasionally, the drift-
ers can make a loop or excursion into the SCS and then turn
clockwise back to the Pacific (Fig. 3g), reflecting the path of KCL.
This LCS type also exhibits looping FTLE ridges near the Luzon
Strait; such a pattern is clearly seen in the FTLE field on Decem-
ber 24, 2003 (Fig. 3c). In this work, in order to quantitatively dis-
tinguish the leaping and looping paths of LCSs, only when the
FTLE ridges of KCL extend west of 120°E, they have been defined
as the looping patterns. The drifter trajectories in the fourth type
indicate the outflow of SCS water into the Pacific Ocean (Fig. 3h),
and the corresponding LCSs feature the FTLE ridges directed
northeastward from the west of Luzon Island to the east of
Taiwan Island (Fig. 3d). Previous studies on the upper-ocean ex-
changes in the Luzon Strait mainly focused on the different pat-

terns of the Kuroshio path (e.g., Centurioni and Niiler, 2004;
Caruso et al., 2006; Nan et al., 2011, 2015). Unlike these works,
our study clearly reveals the transport pathways based on the LCSs
and thus identifies not only three types of patterns associated
with Kuroshio, but also the outflowing pattern from the SCS to
the Pacific Ocean. The latter one could not be easily distin-
guished from the leaping pattern in the Eulerian perspective, but
has been confirmed by the drifter trajectories and the previous
LCS analysis by Huang et al. (2015).

The extracted FTLE ridges provide a more objective Lagrangian
view of the flow types than is possible based on altimetric geo-
strophic current and the sparse in situ observation. Thus, the
FTLE ridges show better statistics of the seasonal and interannual
variations. Figure 4a shows the seasonal mean occurrence rates
of these four LCS types during the period 1993-2017. The leaking
and outflowing types are closely related to the seasonal reversing
monsoon. The leaking LCS are predominant in winter, rapidly
weaken in spring, and almost disappear in summer, indicating
significant seasonality of the Kuroshio intrusion events into the
SCS. In contrast, the outflowing LCSs appear most frequently in
summer, but are rarely observed in winter, indicating that the
southwesterly monsoon may be favorable for the outflow of sur-
face water from the SCS into the Pacific Ocean. Further, the leap-
ing pattern, which is the most frequently occurring pattern, ap-
pears in every season and is especially predominant during
spring. It accounts for about two-thirds of all spring LCS patterns
for 1993-2017, and it is much more frequent in spring than in the
other seasons. The occurrence rate of looping LCSs also shows a
larger seasonal contrast during the monsoon transition periods,
varying from a minimum of 20.5% in spring to a maximum of
31.6% in autumn. The occurrence probabilities of leaping and
looping LCSs do not appear to be controlled by the SCS mon-
soon but could be presumably attributed to the Kuroshio trans-
port east of Luzon Island, which reaches its seasonal minimum in
autumn and maximum in spring (Qiu and Lukas, 1996;
Yaremchuk and Qu, 2004). According to the inertial boundary
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current theory proposed by Sheremet (2001), the Kuroshio tends
to leap across the Luzon Strait when it is sufficiently strong and
shifts to a loop current regime as soon as its transport falls below
a certain critical value. Therefore, the stronger (weaker) Kurosh-
io east of Luzon Island in spring (autumn) season may be in
favor of the formations of leaping (looping) LCSs. Despite
the strong seasonality of LCS patterns, the regional mean FTLE
values at the Luzon Strait (18.5°-22°N, 120°-122°E) have little
seasonal difference. This means that it is a challenging work to
classify these LCS types by automatic identification algorithms
rather than visual recognition, which are worth further studies in
the future.

Figure 4b shows the yearly percentages of occurrence for the
four LCS types for 1993-2017. The leaping LCSs occur most fre-
quently (probabilities ranging from 30.1% to 48.5%). Another
active type is looping LCSs (probabilities ranging from 19.5% to
37.8%), and its occurrence even exceeds that of the leaping type
in 1998 and 2016. Among the three LCS types related to Kuroshio
flow pattern, the leaking pattern is the rarest and has yearly mean
occurrence rates of 12.3%-24.7%. However, the least frequent
type among the four types is outflowing LCS type, which

accounts for 6.3%-15.9% of the incidence of all types. That is, the
Kuroshio dominates the surface water exchanges through the
Luzon Strait, and the SCS surface water has much weaker impact
on the Kuroshio water east of Luzon Strait. Some previous stu-
dies have pointed out that the variations of both Kuroshio and
Luzon Strait transports are closely correlated with the El Nifo-
Southern Oscillation (ENSO) with a time lag of about 4 months
(e.g., Qu et al., 2004; Qiu and Chen, 2010). Figure 4b indicates
that the occurrences of leaping and looping types are influenced
by ENSO as well to some extent. The leaping LCSs occur more
frequently than the looping LCSs in most years. However, during
the post-El Nifo years of 1998 and 2016, the occurrence rates of
the looping type exceeded those of the leaping type because of
the abrupt increase (decrease) of the looping (leaping) LCSs.
These exceptional cases are probably associated with the weak-
ening of Kuroshio after the mature phase of two super El Nifio
events.

3.3 Lagrangian view of eddy shedding processes

Some previous in situ observations showed that mesoscale
eddies originating from the Kuroshio intrusions usually trap the
water masses from the Pacific and convey them to the interior
SCS (e.g., Wang et al., 2008; Huang et al., 2010). One of the most
important eddy formation processes is the detachment of ACEs
from the KCL (Li et al., 1998; Nan et al., 2015; Zhang et al., 2017),
resembling the ring separation from the Loop Current in the Gulf
of Mexico. Previous researches have proved that the combina-
tion of LCSs and the released virtual particles can effectively
describe the fluid motions under the circumstances of rich ed-
dies (Lehahn et al., 2007; Andrade-Canto et al., 2013). In this
study, the LCSs were used along with the tracks of virtual
particles to illustrate the eddy-trapping processes of Kuroshio
water during the ACE shedding events. The surface geostrophic
current shown in Fig. 5a presents a typical KCL pattern to the
southwest of Taiwan Island on January 28, 2000. The correspond-
ing FTLE snapshot in Fig. 5b also shows a consistent looping type
of attracting LCSs. To corroborate the transport pathways identi-
fied in Fig. 5b, we seeded three groups of passive virtual particles
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at the latitude 18.5°N. The central group was located over the
FTLE ridge that directly connected the upstream Kuroshio with
the anticyclonic loop, and the other two groups were located 15
km to the east and west of the central one (see the pink, blue, and
black dots in Fig. 5b). In each group, 25 virtual particles were re-
leased on January 28, and the particle tracks were assessed using
a fourth-order Runge-Kutta method. The FTLE snapshots on
February 11 and 21 indicated that the KCL gradually enhanced
and finally formed a detached ACE (Figs 5c and d). Although the
three groups of particles were initially released in the neighbo-
ring positions, their trajectories were quite different. The
particles in the eastern group migrated northward and leaped
across the Luzon Strait, while those in the western group moved
along the periphery of the strongest looping FTLE ridge and eventually
returned to the western Pacific. Only the particles in the
central group entered the interior of the loop along the LCS ridge,
circulated anticyclonically, and finally migrated westward with
the detached ACE.

To evaluate the overall ability of LCSs in positioning the paths

from upstream Kuroshio into the detached ACEs, we conducted
virtual particle-tracking experiments for all the 20 eddy shedding
events during the period of 1993-2017. In these experiments, the
particles were also seeded at the latitude 18.5°N but only within
the FTLE ridges extending from the Kuroshio mainstream to the
nearest positions of KCL in the SCS. Figure 6a shows an example
of the FTLE distribution along the 18.5°N transect on November
25,2004. We selected the FTLE ridge at ~122.7°E, which reflected
the LCS that extended downstream and formed the looping
shape near the Luzon Strait (Fig. 7a). Then the particles were re-
leased between the troughs on both sides of the LCS (Fig. 6a),
within which the zonal FTLE distributions generally exhibited in-
creasing trends and thus stronger convergence toward the cent-
ral LCS. The initial spacing of the deployed particles is 0.01°. The
final ACE detachment was determined by the appearance of the
saddle point, that is, an intersection of the attracting and re-
pelling LCSs, between the ACE and the Kuroshio mainstream on
December 24, 2004 (Fig. 7d). Since the attracting and repelling
LCSs cannot be crossed by particle trajectories, the saddle points
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defined by their intersections imply that the surrounding water is
divided into four relatively independent fluid domains (Haller,
2001). Therefore, these points were also considered an impor-
tant sign of eddy separation from the mean flow in previous stu-
dies (Feng, 2009; Andrade-Canto et al., 2013). In our experi-
ments of 20 eddy shedding events, the particles were released
once a day for 30 consecutive days until the separation of the
ACE from the Kuroshio. During these periods, the sites for
particle release were usually not fixed but varied in the zonal dire-

ction because of the movements of the selected FTLE ridges.
During the period of November 25 to December 24, 2004, the
mean longitude for particle release showed conspicuous in-
traseasonal oscillations between 122.3° and 122.8°E (Fig. 6b), re-
flecting the transient features of the Kuroshio. Figure 6c shows
the percentages of daily released particles that were eventually
captured by the ACE. The particles released in the initial 6 d
(November 25-30) reached the east of KCL in early December.
However, because of the relatively weak and unstable nature of
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the KCL in this stage, most particles directly moved northward,
instead of intruding westward into the SCS (Figs 6¢, 7a and b).
Thereafter, the KCL was gradually enhanced, and the LCSs con-
necting the upstream Kuroshio with the anticyclonic loop be-
came more robust. Hence, the particles released in the next 12 d
(December 1-12) migrated into the KCL and were partly trapped
by the finally separated ACE. Note that it took about 7-8 d for the
particles in this experiment to move from the deployment sites at
18.5°N to the KCL. Thus, the eddy trapping mainly occurred in
the period of December 8-20 because of the time lags of 7-8 d
between the release of particles and their arrival at the KCL. The
capture ratios exceeded 50% for the particles released on Decem-
ber 3-10, indicating the high eddy-trapping efficiency in mid-
December (Figs 6¢ and 7c). In particular, more than 70% of the
particles released during December 4-7 were entrained into the
detached eddy. The particles released during December 13-24
arrived at the east of the KCL after December 20. At this time, the
KCL had further moved westward, formed a relatively isolated
vortex, and eventually detached from the Kuroshio. The eddy de-
tachment, as indicated by the saddle point of the attracting and
repelling LCSs, occurred on December 24 (Fig. 7d). In this pe-
riod, particles could no longer enter the SCS but leap northward
across the Luzon Strait (Figs 6¢ and 7d). The above particle-
tracking experiment suggests that to some extent, the LCSs can
be used to predict the locations of the upstream Kuroshio waters

100

captured by the detached eddies about 7-8 d in advance.

The particle-tracking experiments of all 20 ACE shedding
events from 1993 to 2017 showed that the eddy trapping of vir-
tual particles occurred in 18 cases. Most of these events were also
recognized in the altimeter sea level data (Zhang et al., 2017), vali-
dating again the feasibility of LCSs in identifying the ACE shed-
ding events. Similar to the situation shown in Fig. 6¢, the capture
ratios in the other 16 experiments had a predominant peak, first
increasing from zero and then decreasing to zero (Fig. 8).
However, the peaking time and maximum values show large di-
versities in these experiments. For instance, the earliest peaking
time occurred 23 d before the eddy separation in February 2004,
while the latest peaking time occurred 7 d before the eddy separ-
ation in December 2015. The maximum ratio in the March 2001
event was only 13%, which is the lowest peak observed in these
experiments. In contrast, the ratios in some other cases (e.g.,
March 2001, December 2006, and February 2017) peaked at
100%, indicative of the strong trapping effects of these ACEs. The
result for January 1993 is an obvious exception from the 18 experi-
ments. In this case, more than half of the particles released in the
initial 2 d were captured by the ACE, indicating that its eddy trap-
ping occurred much earlier than the processes in the other 17
cases. The above diversities in eddy-trapping characteristics are pro-
bably caused by the strong flow nonlinearity during the KCL
evolutions.
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Fig. 8. Percentages of the daily released particles that finally enter the ACEs in 18 ACE shedding events with eddy trapping during the

period of 1993-2017.

In addition to the above 18 cases, two other ACE shedding
events were observed in December 2006, and October 2015. A
common feature in both events was that there existed a cold eddy
to the south of the KCL with the size and intensity comparable to
those of KCL. With the eddy shedding from KCL, the ACE and CE
eventually formed a meridional eddy dipole to the west of the
Luzon Strait. Here, we consider the case of October 2015 as an
example. As shown in Fig. 9a, the confluence of KCL and CE res-
ulted in a westward flowing jet current at the central Luzon Strait.
The corresponding FTLE ridges did not show the looping LCS, a
typical pattern seen in most eddy shedding events. Instead, un-
der the influence of CE, the LCSs, including the one closest to the
KCL, displayed leaking paths connecting the upstream Kuroshio

with the interior SCS through the westward flowing jet (Fig. 9b).
The relevant particle-tracking experiments showed that the
upstream particles mostly entered the interior SCS through the
leaking LCS paths instead of being captured by the ACEs, which
validated from another side the accuracy of the transport path-
ways described by LCSs.

3.4 Weak exchanges between CEs and the Kuroshio

Another interesting situation is the existence of a single CE
northwest of the Luzon Strait, as shown in the typical example for
May 4, 2017 (Fig. 9c). Such a flow pattern was considered in some
previous studies as a cyclonic loop, one of the important types of
Kuroshio intrusions (Caruso et al., 2006). However, the corres-
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Fig. 9. Surface geostrophic current (a) and snapshot of the FTLE field (b) on October 26, 2015. Surface geostrophic current (c) and

snapshot of FTLE field (d) on May 4, 2017.

ponding LCSs exhibited obvious transport barriers separating the
CE from the Kuroshio mainstream (Fig. 9d). In the period of
1993-2017, the LCS patterns similar to Fig. 9d persisted
throughout the lifetimes of all CEs west of the Luzon Strait (fig-
ures not shown). The lack of transport pathways between CEs
and the Kuroshio means that the water masses captured by CEs
were not directly supplied by the waters from the western Pacific.

Cruise observations of an ACE in January 2010 and a CE in
May 2017 were used to further illustrate their differences in wa-
ter masses. Both eddies originated near the Luzon Strait. The in
situ data are briefly introduced in Section 2.1, and the details of
these two eddies are described by Liu et al. (2013) and Huang et
al. (2019). Although the sampling location of CE is closer to the
Luzon Strait than that of ACE, the T-S properties show that the
CE-trapped water is fresher and resembles the SCS climatology to
a greater extent, while the ACE-trapped water is saltier and more
similar to the climatological Pacific water (Fig. 10). The contrast-
ing water properties in the centers of the CE and ACE could be
well explained by the differences in their water exchanges with

the Kuroshio, as inferred from the LCS snapshots.

4 Discussion and summary

Upper-ocean circulation around the Luzon Strait exhibits
strong spatiotemporal variability because of the complex bathy-
metry and active Kuroshio-eddy interactions. Therefore, it is
often difficult to determine the water exchange characteristics in
the Luzon Strait solely by means of the flow fields. In this study,
the FTLE fields hidden in surface ocean current were derived by
calculating the expansion or contraction rates for neighboring
passive fluid particles. The LCSs extracted as ridges in the FTLE
fields can be categorized into four major patterns of transport
pathways in the vicinity of the Luzon Strait: the leaking, leaping,
looping, and outflowing types. Unlike some previous studies that
classified the Kuroshio path near the Luzon Strait (e.g., Centu-
rioni and Niiler, 2004; Caruso et al., 2006; Nan et al., 2011, 2015),
this study identifies not only three LCS types associated with the
Kuroshio variability, but also the LCS type that flows from the
SCS to the Pacific Ocean.
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The occurrences of all these LCSs show significant seasonal
variations. The leaping type, which is the most frequent one,
appears in every season and is the most active in spring. The lea-
king and outflowing types are both sensitive to the monsoon
reversal and occur most frequently in winter and summer, respec-
tively. The looping type shows the weakest seasonality with com-
parable occurrence rates in all four seasons. With regard to the
yearly occurrence rates, the leaping type occurs more frequently
than the other three types in most years. However, in 1998 and
2016, the decay years of super El Nifio events, the leaping type
was surpassed by the looping type, potentially indicating the
modulations of ENSO.

The water exchanges during the ACE separations from KCL
were further analyzed with the synergy of LCSs and particle-
tracking experiments. In the 20 eddy shedding events during
1993-2017, we selected the FTLE ridges extending from the Kuro-
shio mainstream to the nearest positions of KCL in the SCS and
then released virtual particles within the FTLE ridges at 18.5°N.
The particles were continuously released for 30 d until ACE de-
tachment from the KCL. In 18 eddy shedding events with evident
looping LCS patterns, the released particles were partly captured
by the detached ACEs. However, the capture ratios and time-
spans varied significantly among these experiments. Such large
diversities in eddy-trapping processes may be attributed to the
strong nonlinear nature of the Kuroshio and KCL. In the remai-
ning two ACE shedding events, a strong CE was observed to the
south of the KCL. The corresponding LCSs displayed the leaking
type along the westward flowing jet current between the CE and
the KCL. Instead of being captured by the ACEs, most of the
particles released at 18.5°N directly entered the interior SCS
through the leaking paths.

When there was only one CE west of the Luzon Strait, the cor-
responding LCSs clearly divided the CE and the Kuroshio into
different fluid domains. The strong transport barriers along the
Luzon Strait indicate that the cyclonic loop proposed in previous

studies (e.g., Caruso et al., 2006) may not be the effective path for
the Kuroshio intrusions into the SCS. The different origins of CE-
and ACE-trapped waters were also supported by the distinct 7-S
properties in eddy centers.

This work demonstrates that the FTLE or similar Lagrangian
approaches are adequate and reliable for elucidating the trans-
port characteristics in the vicinity of Luzon Strait. In particular,
the transport information provided by LCSs is helpful to better
understand and predict the water exchanges between eddies and
the Kuroshio in different eddy configurations. However, the
prediction skills for eddy-induced transports are still challenged
and limited by the large diversities in eddy activities. For instance,
the events with longer winding time of KCL or ACE and relative
faster variability of flow pattern would not be reasonably predicted
by the LCSs. For improving the LCS-based prediction skills, it is
necessary to further clarify the underlying dynamics of the
Kuroshio-eddy interactions.
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